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INTRODUCTION
Among the several types of semi-conductor nuclear
radiation detectors, lithium-drifted germanium detectors
give better energy resolution than other types of
detectors used In nuclear physics applications.

Fabri

cation, mounting and malntalnance of these detectors
involve some difficulties.

Low detection efficiency and

the requirement that it operate at the temperature of
liquid nitrogen for good resolution are the major
limitations of these detectors.
Basically the lithium-drifted germanium detectors
(Ge(Li) detectors) have a p-i-n structure.

One way to

obtain this structure is by diffusion and then drifting
of lithium into a p-type germanium crystal.

Starting

with a slab (planar type) of germanium, usually of
resistivity in the range 0.1 - 100 ohm-cm, first a pnJunctlon is formed by thermal diffusion of lithium into
one side.

Then, applying a reverse bias electric field

across the pn-Junction, the p-i-n structure is obtained
by lithium lon-drift into the p-reglon.

This region

becomes an intrinsic region, in which an incident
particle gives up some or all of its energy to produce
electron-hole pairs.

In the detection mode, the electron
1
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hole pairs are collected under reverse bias field in the
form of pulses. Ge(Li) detectors are pulse generating
detectors. To keep the leakage current and detector
noise low, these detectors are operated at liquid
nitrogen temperature (77*K) * For planar detectors, the
cross-section of the sensitive volume is usually limited
to a few square centimeters. This is due to, first,
limited crystal size available, and second, the diffi
culty of diffusing lithium into large crystals. In this
thesis a method of fabricating Ge(Ll) detectors using
an argon diffusion furnace and a nitrogen drift appara
tus is described. Various difficulties encountered
during fabrication are also discussed. The response of
the detector to gamma rays from Cs 137 and Co 57 Is
shown.
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Chapter I
BASIC THEORY AND EXPERIMENTAL DESIGN
Basic Theory of Fabrication
In this project the Ge(Ll) detectors were fabri
cated by preparing a p-l-n structure In p-type german
ium single crystals by lithium diffusion and drift.
First, a pn-Junction Is formed by thermal diffusion of
lithium Into the crystal slab.

Lithium diffuses into

germanium interstltially by the "Jump” process.

In a

diamond structure, such as germanium, the forces hold
ing the atoms In place are directed toward the tetra
hedron corners which are the sites of the germanium
atoms, and the Interstitial spaces are large.

Lithium

Ions move from one interstitial site to another by
passing through a puckered hexagon with the germanium
atoms at the tetrahedral corners.

The interatomic dis

tance in germanium Is 1.22 A° and the Ionic diameter of
lithium is 1.20 A °, so lithium can "squeeze" through
the hexagon.

The activation energy for lithium to achieve

the "Jump" is about 0.5 ev1, and this energy Is supplied
by heating the system.

^Glrifalco, L.A., Atomic Migrations In Crystals.
New York* Blaisdell Pub. Co., 19&*, p. 105.
3
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The lithium diffusion into a p-type germanium
crystal is assumed to obey Pick’s law, namely, the
diffusion equation
<fc!(r,t) - D v2n(r,t) = 0
dt

(1)

where n(r,t) is the concentration of lithium ions as a
function of position and time and D is the diffusion
constant for a fixed temperature.

In this case, lithium

suspension in oil is applied onto the flat surface of
the germanium crystal and the system is heated to 400° C
for a predetermined time interval.

With the knowledge

of the lithium ions diffused into the crystal, the dif
fusion depth and the distance of the pn-Junction from
the surface can be obtained by solving the diffusion
equation with appropriate boundary conditions.

For a

one dimensional case, the solution is2
n(x,t) = n(0,t) £l - erf

x
27Dt

(2 )

where n(0,t) is the lithium concentration at the surface
of the crystal and x Is the distance as measured from
the surface.

With the known value of D, the desired

experimental variables can be obtained.3

2See Appendix A
3see Chapter IV for fuller discussion.
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When a reverse bias Is applied across the pnJunction, a thin depletion layer is formed at the Junc
tion extending into the p-type region.

To find the deple

tion depth, one solves the Poisson equation

d^V _ 4ne
dx^

U)

K~

where K is the dielectric constant of the crystal and N
is the volume concentration of the lithium ions.

For a

step-Junction model, the solution of (3) gives for the
depletion width, W,

v
where V is the external applied potential (300V to 1000V)
and V0 is the internal Junction potential in the equili
brium condition.

For germanium, VQ = 0.3V, and it can

be neglected for practical purposes.

Essentially, the

depletion layer of a reverse biased Junction behaves
much like a dielectric slab with metal electrodes at
either side of it.

If C is the capacitance of this layer,

then
C = iil

4rr

M.
w

(5)

where A is the area of cross-section in cm^ of the
Junction layer, and W in cm.

For germanium, with K=l6,

(5) reduces to
C =

1A

| (PF)

(6)
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The depletion layer Is the Intrinsic region in
which the incident particles give up some or all of
their energy, the lost energy appearing as electronhole pairs.

For a reverse bias of several hundred volts,

the thickness of the intrinsic layer is of the order of
a few tenths of a millimeter, and this thickness is not
enough to stop energetic incident particles.

To obtain

a thick intrinsic region, the lithium ions in the intrin
sic region are further drifted by applying reverse bias
for several hundred hours.

If the reverse bias field is

high enough, the lithium ion current is almost entirely
due to the bias field and the diffusion current becomes
negligible.

In this case, the lithium drift curroit, J,

can be written as

(7)
where p is the mobility constant of the lithium ions in
germanium.

The increase in intrinsic width dW in time dt

is then equal to (V/W)udt.

Integrating this from t=0 to

t=t, the relation followsi

(8 )
This relation is used to estimate the drift time.

In

actual practice the capacitance of the intrinsic layer
is measured during drift, but by using (6), the layer
thickness can be obtained.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

7
Lithium, In the free state, usually exists In an
ionic state (Li*^ and on coming in contact with air,
Li+ quickly combines with the oxygen in the air to form
Li+0, which is practically immobile under bias field.
Thus, lithium diffusion and drift must be carried out in
an inert atmosphere.

Diffusion is performed in an argon

atmosphere and drift is carried out in a nitrogen environ
ment.

Ohmic contact to the Ge crystal is obtained by

gold plating the desired surface of the crystal.

Measure

ments of crystal resistivity at various stages of the
fabrication were made to evaluate the quality of surface
states of the crystal and the pn-Junction formed.

To

do this we constructed a simple laboratory-type four-point
resistivity probe.

The detector holder and mount were

constructed, and a liquid nitrogen container (Dewar)
was purchased.

They are described briefly.

The Argon Diffusion Furnace
It consists mainly of a cylindrical Vycor tube of
length 30 cm and of ID 6.35 cm.
0.32 cm.

The wall thickness is

One end of the tube is tapered to an opening

of 0.64 cm, and the other end has a standard ground glass
Joint connected to another male Vycor tube.

This male

tube is about 20 cm. in length and its free end is
tapered to an opening of 0.64 cm.

This Vycor tube assembly
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is enclosed in a cylinder of asbestos insulation which
contains two heating tapes.

The tapes are connected

in parallel and are wound to form a sheath in which
is in thermal contact with the Vycor tube.
ness of the asbestos is about 7 cm.

The thick

This thickness of

insulation is sufficient to maintain temperatures up
to 600° C.

Current is supplied

a variac from the 110 AC line.

to the tapes through
By adjusting the varlac

output the desired temperature can be maintained.
A quartz plate, 5 cm x 2.5 cm x 0.16 cm, placed
at the center of the tube assembly serves as a platform
for the germanium crystal.

A thermo-couple (lron-

constantan) is used to measure the temperature at the
platform.

The reference point of the thermo-couple is

the Ice-point.

The thermo-emf is measured by a sensi

tive potentiometer.

The temperature of the furnace is

obtained from the usual thermo-emf vs temperature chart.
A set of heating curves (temperature vs time for
different variac settings) was obtained, and each curve
gives the heating time necessary to reach the required
steady temperature.

With this furnace, a temperature

i

of 150° -C can be attained in 10 minutes and a temperature
of 400° C can be attained in 15 minutes.

The lithium

diffusion is done with a steady flow of argon through
the furnace.
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Figure 1.1i Cross-sectional View of the Diffusion Furnace

NO

The Nitrogen Drift Apparatus
The drift apparatus consists mainly of a pair of
copper blocks, each of which has a diameter of 5 cm
and a thickness of 1*25 cm.

The lower block has a

|-lnch bore along a central diameter,

A piece of cop

per tube with a J-lnch OD Is welded to each end of the
bore.

A copper screw threaded Into each block serves

as the electrical terminal.
to a Plexiglass platform.

The lower block is glued
The upper block is fitted

with a Plexiglass stem along the axis of the blocks.
A threaded i-inch bolt is used to clamp the upper block
down to get firm contact when the germanium crystal Is
sandwiched between the blocks.

A small brass clip

attached to the upper block serves to keep the thermis
tor probe in contact with the block.

This whole arrange

ment Is put In a light-tight enclosure.
The reverse bias Is obtained from a power supply
which can furnish a DC voltage ranging from 0 to 1000
voIt8 continuously at 20 amperes maximum.

A solder gun

tip threaded Into the upper block could serve to heat
the upper block with the heater being controlled by a
thermistor regulator.

However, It was found that the

heating of the upper block is not necessary since the
current passing through the crystal during the drift is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 1.2i Cross-seotlonal View of the Nitrogen Drift Apparatus
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sufficient to keep the crystal temperature about 10° C
above room temperature.

By adjusting the water flow rate

through the lower block, It Is possible to keep the cry
stal temperature between 25° C and 35° C.

During the

drift, nitrogen gas is Introduced Into the drift box
such that the pressure is slightly above atmospheric.
The Resistivity Probe
The resistivity probe consists of four electrically
insulated needle points (stainless steel) arranged in a
straight line.
block.

The probes are firmly fitted In a wood

The probe assembly Is supported In a microscopic

body tube, whose optical parts have been removed.

When

the crystal Is placed on the microscope platform, the
probes can be lowered to make electrical contact.

This

arrangement permits an equalized pressure contact between
the probes and the crystal surface.
probe is simple.

The theory of the

A DC current of the order of a few

milllamperes Is sent through probes #1 and #4.

This

creates a voltage drop across the probe points #2 and 03*
This voltage drop Is measured by a potentiometer.

For the

configuration shown In the diagram, the resistivity^ Is

^ Bridgers et al., Transistor Technology. Vol. I,
Princeton, New Jersey* Van Nostrand Pub. Co., 1957*
p. 148-151, 264-273.
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POTENTIOMETER
l'fe " 3 ^

GE CRYSTAL
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Figure 1.3i Schematic Diagram of the Resistivity
Probe.
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given by the following relation:
V

/ > - v *J=rrs

6

I R(W/S)

where V = voltage drop across probes #2 and
I = current through probes #1 and #4.

I . 1_ + 1
S

I_____L_

S1+S2

si+s3

(sl» S2» s-j are separation distances between
the probes.)
W = thickness of the crystal slab.
R(W/S) = the volume correction factor, a function
of W/S.
In the present case, s^s=S2=S3=:0»3 cm, and the resistiv
ity is simply given by

where V is in volts and I is in amperes.
The Detector Mount and Cryostat
The detector mounting assembly is a modification
of the Horizontal Positioned Crystal Holder Model #3>
designed at Argonne National laboratory.^

With this

assembly a standard cryostat is used as a liquid nitrogen
container.

A diffusion pump backed by a forepump is used

to obtain a vacuum of the order of 10”^ mm of Hg.

An ion

^Horizontally Positioned Crystal Holder Model #3»
Number EL-D-4536, JB, 5-ll-65» Argonne National Lab.,
Argonne, Illinois.
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DETECTOR HOUSING

HORIZONTAL HOLDER

Fig. I.^i

The Detector Mount and Cryostat
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gauge la used to aonltor the vacuuu.

The cryostat

asseubly Is supported ou a storable tripod.

This

arrangement permits continuous running of the detector
slnoe the liquid nitrogen can be replenished fron the
top of the container.
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Chapter II
DETECTOR FABRICATION PROCEDURES AND RESULTS
Description of Germanium Crystals
The production of thick sensitive regions in Ge(Ll)
detectors depends on the availability of high resistivity
germanium crystals.

Commercially available gallium doped

germanium wafers (p-type), of resistivity less than 20
ohm-cm, were used.

Their dimensions were approximately

5 cm2 and 8 cm2, and 7 mm in thickness.

The manufacturer*

specifications are the following-:
Ingot No. 6

Ingot No. 4

Type of
growth

horizontal

horizontal

Diameter
of ingot

6 cm

4 cm

Orientation

(111)

(111)

Resistivity
maximum
minimum

11.0 ohm-cm
8.9 ohm-cm

12.7 ohm-cm
10.8 ohm-cm

Lifetime

80 us

100 us

Dislocation
density
maximum
minimum

2300 pits/cm2
1300 pits/cm2

1300 pits/cm2
800 pits/cm2

^■Germanium ingots No. 4 and No. 6, Lot. No. 604 E-2,
and 616 H-7, Sylvania Electric Inc., Chemical & Metal
lurgy Division, Towana, Penna.
17
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Preliminary Preparation
The surface of germanium wafers as they come from
the manufacturer Is not suitable for lithium diffusion.
The large area surfaces are not parallel or smooth enough?
and, the surfaces are oxidized, giving a dull grey appear
ance.

A pure germanium surface has a mlrror-llke shine

In daylight.

Hence the surface is prepared by etching.

By repeated experimentation, it was determined that the
quality of lithium diffusion depends on the surface being
free of mechanical and chemical effects.

The following

techniques were used to achieve this.
(a) lapping of the crystals
lapping of the crystal is done by grinding the
surface over a flat glass plate using Aloxite2 finish
ing powder for the abrasive.
hand pressure is applied.

During lapping a light

Polyethylene gloves are used

to prevents hand grease from getting onto the crystal
surface. Usually, a figure-8 pattern is made as this
*
tends to keep parallel surfaces. The following termi
nology Is used for conveniencei ^n-lapplng means lapping
all three surfaces? 3n-lapplng means lapping one large

2Aloxlte Finishing Powder (aluminum oxide), grades
25 p and 12.5
Carborundum Co.* 11171 lappln Ave.,
Detroit, Mich.
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area surface and the sides (periphery)» 2n-lapplng means
lapping only one large area surface.

lapping is followed

by a thorough washing of the whole crystal.

The lapping

procedure is as followst
1. Clean the glass plate thoroughly with distilled
water.
2. lap with 25 jx powder until the crystal is of
the desired size.

Use distilled water as a

vehicle for the lapping powder.
3* Use 12.5

powder to finish the lapping.

4. Clean the crystal thoroughly with distilled
water, and let it sit completely immersed in
water.
5* Remove the fine dust and macro-particles by
ultrasonic agitation (in a polyethylene beaker
in the ultrasonic agltator3 for one minute).
6. Pour the water out of the beaker while fresh
distilled water is poured in.

Let the crystal

remain there until the next step.
Usually the crystal is left in the polyethylene
beaker no longer than necessary.

Drying the crystal

is done in a dust free area by blowing dry nitrogen over

^Compact Socin Energy Cleaner, Bendlx Sec-48, The
Bendix Co., Pioneer-Central Division, Davenport, Iowa,
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the surface.

A 15 cublc-feet Plexiglass enclosure was

constructed for this purpose.

A 6-inch fan Installed In

the top of the enclosure continually forces air Into the
enclosure and through the hand-wlndow.

This prevents dust

particles from gathering in the working area of the
enclosure.

This enclosure is also used as a storage place

for the crystals during fabrication of the detectors.
(b) Etching of the crystals
Microscopically the lapped crystal surface is still
rough and full of minute scratches and dents.

In addition,

the surface is not pure germanium due to the slow reaction
with water.

Therefore the crystal is etched with Chemical

Polish No. 4 (CP 4).

The composition of CP ^ etching

solution is as follows^i
Concentrated Hydrofluoric Acid
Concentrated Nitric
Glacial Acetic Acid
Bromine

Acid

30.0 cc
50.0 cc
30.0 cc
0.6 cc

The name CP 4a is used for this etching solution without
bromine.

Because hydrofluoric acid reacts with glass

containers, the solution is stored in a polyethylene

^"Hunter, L. P., Handbook of Semiconductor Electronics,
New Yorkt McGraw Hill Book Company, 1956, p. S3*
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container.
etching.

Bromine Is added to the solution Just before
The etching procedure Is as followsi

1. Pour 20 cc of CP 4a Into a polyethylene beaker.
Stir In the ultrasonic agitator for one minute.
2. Put the crystal into 20 cc on concentrated
nitric acid in a beaker for 30 seconds.
3. Pour out the nitric acid while distilled water
is poured in until the acid Is completely
replaced by water.
4. Add 3 drops of bromine to the CP 4a and stir
the etching solution in the ultrasonic agita
tor for two minutes until the bromine diffuses
Into the solution homogeneously.
5. The crystal Is transferred into the CP 4 and
etched for one to three minutes.

The whole

system should be lightly shaken by hand to get
uniformity of etching.
6. CP 4 is poured out of the beaker while dtetllled
water Is poured in, until the water replaces
the CP 4 solution.
7. The etched crystal Is taken out of water and dried
using dry nitrogen in the dust-free enclosure.
The etched surface Is qualitatively evaluated by the
surface's mirror-like shine and freedom from stain
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patterns under normal light conditions.

However, be

cause of the photosensitivity of the germanium surface
the crystal Is handled In a minimum of light.

At this

point the resistivity of the crystal surface Is measured
using the four-point probe.

An acceptable surface has

a resistivity in the range of 12 to 14 ohm-cm.5

if the

surface Is not acceptable, it is either re-etched or
re-lapped or both.

During etching, bromine serves as

an agent to accelerate the etching reaction.

Thus a

slight variation of bromine in the CP 4 can usually be
made to obtain the desired resistivity.
(c) Gold plating of the germanium crystal

While one surface of the crystal is used for lithium
diffusion, the other surface is gold-plated to make an
ohmic contact.

An immersion gold plating method is used.

It utilizes the commercially available Atomex immersion
solution^ which contains potassium gold cyanide.

This

solution does not give good gold adherence to germanium.

^Mann, H. M., et al., "Preparation of large Volume
Planar Germanium Detectors and Results of Their Use in
Nuclear Physics Experiments". Paper presented at the
10th Scintillation and Semiconductor Counter Symposium,
(1966), p. 4.
^Atomex immersion solution, Engelhard Industries, Inc.
Chemical Division, 113 Astor St., Newark, N.J.
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However, it can be mixed with an equal amount of acetic
acid to obtain a pH value of about 5 at 85*C.7»® This
modified mixture gives good gold adherence to the ger
manium surface. The gold plating procedure is as follows:
1. Mix 50 cc of Atomex solution (77 mg/cc of Au)
with one liter of distilled water.
2. Mix 50 cc of this solution with 50 cc of acetic
acid in a beaker and stir thoroughly.
Gently heat this mixture in a beaker until the
temperature reaches 85*C.
4. Add 10 cc of hydrofluoric acid to the heated
mixture. The mixture may turn green. Maintain
the temperature at 85*C.
5« Immerse the germanium crystal (after 2n-lapping)
in concentrated nitric acid for 30 seconds. Pour
out the acid while distilled water is poured in
until the water replaces the acid completely.
6. Immerse the germanium crystal in concentrated
hydrofluoric acid in a polyethylene beaker for
10 to 20 seconds. Then, transfer the crystal
directly into the gold-plating mixture. Plating

7Mann, H. M. and Janarek, P. J., Rev. Scl. Instr..
33.U962), p. 557N.
O

**

°Janarek, F. J., et al, Rev. Scl. Instr., 36,(1965).
p. 1501.
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takes about 10 minutes.
7. Remove the crystal from the solution and Immerse
it in distilled water at room temperature. Pour
distilled water out while fresh distilled water
is poured in. Dry the crystal by blowing with
dry argon in the dust-free enclosure.
The thickness of gold thus deposited is about 0.45
mg/cm^(about 0.2 micron). The quality of the gold adhe-.
rence to germanium can be tested by applying mylar tape^
over the gold surface and gently pulling the tape off
the surface. If gold sticks to the tape, this gold contact
is rejected. It is removed by lapping with 12.5 u powder
and the same gold plating procedure is repeated with a
slightly different amount of hydrofluoric acid in the
plating mixture. This variation of hydrofluoric acid Is to
adjust the pH value of the bath. The gold deposited on
the surfaces other than the desired surface is removed by
lapping with 12.5ji powder while the desired gold contact
is protected with mylar tape. Care is exercised to remove
all gold deposited on the unwanted areas since this
creates a conduction channel when the crystal is put
under reverse bias. An alternative is to gold plate the

9Mylar tape, #56, Minnesota Mining & Manufacturing
Co., Minneapolis, Minnesota.
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desired face In the described manner, while protecting
the other surfaces with the mylar tape.

The tape appli

cation procedure Is as follows:
1. The crystal Is cleaned and dried by blowing with
dry argon.
2. Set the crystal on a clean glass surface using
polyethylene hand gloves.
3. Cut a piece of tape from the roll and apply it
to the crystal surface using cotton swabs for
contact pressure.
4. Cut the tape along the edge of the crystal
surface using a razor blade.

Make sure that

cutting Is flush with the srystal edge.
to test the ohmic contact, the surface resistivity
of the gold contact Is measured using the four-point
probe.

The resistivity should be about 0.0? ohm-cm

for an acceptable ohmic contact.

It can be further

tested by measuring the dc resistance of the crystal for
both directions of current flow.

Good ohmic contact Is

Indicated by equal resistance In either direction.
Lithium Diffusion
The lithium used In the experiments Is a dispersion
in mineral oil with a lithium concentration of

by weight.
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It Is In the form of granules varying In size from 10 to
30 microns.

Sodium content (an Impurity) In the disper

sion Is less than 0.00?^ by weight.

At room temperature

lithium exists In the Ionic state and on contact with air
it produces lithium oxide, L10, which Is practically im
mobile In germanium under the application of an electric
field.

Such "oxygen contamination" is a great hindrance

in executing lithium diffusion In germanium crystals.
Therefore, lithium diffusion and drift In germanium were
carried out In an inert atmosphere.
To achieve this, a small Plexiglass box (15" x 12"
x 8 ") with transparent walls was constructed.

The box

has a removable but reasonably air-tight lid at the top.
On one side of the box two circular holes (4" diameter)
were made and a pair of rubber gloves was fitted to the
holes.
gas.

The box also has a i-inch pipe Inlet for argon
The box is filled with argon gas during the appli

cation of the lithium suspension In oil onto the crystal
surface.

When not In use, this box serves as a storage

place for the lithium suspension, Aquadag and art brushes
for the lithium application.
(a) Diffusion procedure
Before lithium application, the crystal has been
lapped.

One surface is gold plated for ohmic contact.
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The crystal Is thoroughly washed In distilled water,
then blown dry by argon gas.

It Is then transferred Into

the Plexiglass box and set on a raised platform with the
germanium surface up.

With the argon pressure maintained

slightly above atmospheric, Aquadag1® Is painted onto the
periphery of the crystal using a #1 brush11 to a thick
ness of 0.5 mm or less.

A thicker coating of Aquadag is

not desirable since it tends to crack during lithium
diffusion.

The primary purpose of the Aquadag is to

protect the periphery of the crystal from the lithium.
After the Aquadag has dried (usually less than an hour),
the lithium Is painted on the germanium surface using
a clean #1 brush, spreading It as uniformly as possible.
The thickness of the lithium paint on the germanium
crystal should be about that of notebook paper.

It was

found that too much lithium on the crystal surface
results in a pitted surface after lithium diffusion and
too little lithium results In a bad diode.

Care Is

exercised while painting the lithium, so that none gets
on the edge of the crystal.

The crystal with wet lithium

paint should be left In the painting box not more than

10Aquadag, E. H. Sargent & Co., 8560 W. Chicago Ave.,
Detroit, Mich.
11Artlst brushes, #1, Boar bristle, about 1 cm In
length, with tapered tip.
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10 minutes before It Is transferred to the diffusion
furnace.

All these steps are done In minimum light.

The argon furnace is prepared for lithium diffusion
as followst The Vycor tube is detached from the furnace
and the inside washed with CP 4a for 15 minutes.
important to do this thoroughly.

It is

The tube is thoroughly

washed with distilled water and blown dry with argon gas.
The platform (the quartz plate) is etched with concen
trated hydrofluoric acid for 5 minutes, rinsed in dis
tilled water and blown dry with nitrogen.

The Vycor

tube is put back in its place and the platform set at
the middle of the oven.
The oven is baked out at 150° C for one hour while
argon is flowing in at the rate of 1.5 liters per hour,
after which the argon flow is slightly increased.

The

lithium painted germanium crystal is now transferred
directly from the paint box onto the platform by means
of a pair of plastic coated tongs.

Exposure of the lith

ium paint to air during transfer is assumed to result
in very little oxygen contamination.

The thermocouple

probe is inserted into the oevn and the tip of the probe
is kept in contact with the platform very close to the
crystal.

The oven is then closed and the crystal is

baked for 1.5 hours at 150° C.
is raised to ^00° C.

Then the temperature

This temperature is attained in
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5 minutes. After maintaining it for one half hour, the
oven heater is turned off completely. The argon flow
in the oven is not disturbed. The system is allowed to
cool,
When a temperature of approximately 30*C is
reached (in about six hours), the crystal is removed
from the oven using the tongs and is transferred
immediately into ethyl alcohol in a glass beaker. The
crystal is totally immersed in the ethyl alcohol with
the lithium diffused surface up. Usually a grey ash is
left on the diffused surface of the crystal. This ash
is not soluble in ethyl alcohol, but it is easily
removed from the crystal surface by agitating the
beaker gently. Tiny bubbles of hydrogen are seen to
come from the diffused surface. Bubbling usually stops
in one hour. The Aquadag on the periphery of the crystal
breaks up into small pieces which are easily detached
from the crystal by agitation. To assure a clean surface,
the lithium diffused area and the peripheral area are
cleaned with a brush while the crystal is still in the
alcohol. The ethyl alcohol in the beaker is then poured
out slowly while distilled water is poured in, keeping
the crystal immersed in the fluid. After drying with
argon, the lithium diffused surface and the periphery
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of the crystal are examined for possible cracks; pits
and chips.

___

The periphery must not have any trace of

lithium on it.

The gold contact Is also examined and

It

must be free of stain or deterioration. When these
conditions are met, the crystal periphery is lapped to
remove about 0.5 mm thickness of the layer.

Then the •

lapped surface is etched and the crystal is rinsed in
distilled water.

These steps are carried out at room

temperature in minimum light.

It should again be dried

in argon gas.
At this stage the germanium crystal has a pnJunctlon with a very small intrinsic region at the
junction.

The diode characteristics of this Junction

can be examined by biasing the Junction in the voltage
range of 0 to 2 volts in the forward direction and 0to
10 volts in the backward direction.

Thepn-Junction

suitable for lithium drift exhibits a reverse current
not greater than 25 micro-amperes under a 5 volt bias
at room temperature.

The forward current is of the order

of a few milli-amperes at the room temperature.

If these

requirements are not met, improvements are made by relapping and etching and re-diffusion of lithium.
If these current requirements are met, a further
bias test is made at liquid nitrogen temperature (77° K).

✓
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FORWARD BIAS

REVERSE BIAS
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Figure 2.1:
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LITHIUM DIFFUSED REGION
Biasing Circuit for the Germanium Crystal Diodes.
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To test the diode action at liquid nitrogen temperature,
the crystal Is sandwiched between two thin copper sheet
terminals (about 2 mils) which are pressed between two
Plexiglass plates 5 cm x 5 cm x 5 mm each.

A good diode

shows a reverse current less than 20 micro-amperes under
500 volt bias.

When this quality of diode is achieved,

the germanium crystal Is ready for lithium drift.
(b) Bias characteristics of the llthlum-dlffused crystal

The quality of a good Ge(Ll) detector Is strongly
dependent on the quality of the success of lapping,
etching and lithium diffusion.

The surface resistivity

of the crystal Is directly related to lapping and etch
ing, and so resistivity measurements are done after
each lapping and etching.

Both the gold-contact sur

face and the lithium diffused surface of the crystal
are measured.
The resistivity of the surface of the crystal is
measured by using the four-point probe described In
Chapter I.

The crystal Is placed on the platform of

the probe with the desired surface up.

The probe is

lowered until the points exert a slight pressure on the
crystal surface to ensure good electrical contact; at
the same time care Is exercised not to damage the
crystal surface by the probe points.

A dc current of
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a few mi 111-amperes is sent through probes #1 and #4.
The source of this current is furnished by a 6 volt
battery (dry cell).

The voltage drop across the probes

#2 and #3 is measured by the usual potentiometer method.
Then, by using the formula given in Chapter I, the
resistivity is calculated.

Some typical readings for

a crystal of area approximately 5 cm2 and thickness
approximately 5 nun are given in Table I.

A good gold-

contact resistivity is about 0.05 ohm-cm.

If the resis

tivity is less than this, a new gold contact is depos
ited.

The lithium diffused surface has a resistivity

less than 0.10 ohm-cm» otherwise the surface is lapped
very lightly, and etched for a few seconds.

If these

resistivity requirements are met, the reverse current
will be in the microampere range under several bias
volts at room temperature.
(c) Effects on bias characteristics
When the lithium diffused crystal does not give
reverse current in the microampere range, the periphery
of the crystal is lapped and etched.

Figure 2.2 shows

the bias characteristics of the first crystal diode.
Curve 1 was obtained immediately after lithium diffusion
and ultrasonic cleaning.

Curve 2 was obtained after
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Table 1:

V I
Surface

Gold
contact
surface
Lithium
diffused
surface

Typical Resistivities

V 1.885 , with R(W/S) * 1
R(w/S)
Resistivity
(ohm-cm)

Current
(mA)

Voltage

3.0
4.4

0.05
0.15

0.045

2.0

0 .0?
0.09

0.070

2.5

(m v)
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1
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1 Ig(mA)

Figure 2.2i
Curve li

Bias Characteristics of Diode 1.
Obtained Immediately after lithium
diffusion and ultrasonic cleaning.

Curve 2 i Obtained after lapping and etching
the edges.
Curve 3*

Obtained after etching the lithium
diffused surface with CP4 for 30 sec.

I
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lapping and etching of the periphery of the crystal;
and curve 3 Is the result of etching the lithium dif
fused surface with CP^ for 30 seconds.

Etching of the

lithium diffused surface tends to Increase the reverse
current.

For this crystal diode, the reverse current Is

of the order of mllllamperes at room temperature.

This

high reverse current Is due to the deterioration of the
gold-contact surface.

A new gold contact was deposited

on this crystal later and resulted In improved diode characteritslcs.
The curves obtained for a similar lithium diffused
crystal are shown in Figure 2.3.

Curve 2 was obtained

several hours after lithium diffusion, and It exhibits
poor diode characteristics.

Thus, the lithium diffused

germanium crystal must not be stored at room temperature.
If a crystal is left at room temperature and under no
bias, redlffusion of lithium takes place within the crys
tal, as indicated by the increase in reverse current.
Llthlum-lon Drift
Lithium drift is done by the application of a
reverse bias voltage across the pn-Junction of the
crystal.

The condition of the crystal before the drift

is as followsi
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Ip(mA)
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..
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-20
ih (jia>

Figure 2.3 1 Bias Characteristics of Diode 1(a)
Curve It

Obtained immediately after putting
fresh gold-contact.

Curve 2 i Obtained after 3 hours (RTP).
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!• It Is gold-plated on one surface (ohmic con
tact), the resistivity of which is less than

0 *05 ohm-cm.

^

2. The periphery of the crystal is lapped and
etched with CF4.
3. The reverse bias current has been tested and
found to be less than 20 micro-amperes under

5 volts at room temperature.
(a) The drift procedure
The crystal is put on the lower copper block of the
drift apparatus with the lithium diffused surface in con
tact with the copper block.

Then, the upper block is

lowered until it touches the gold-contact surface of the
crystal.

Then by turning down the threaded bolt on the

upper block, a light pressure is exerted on the crystal
to assure good electrical contact.
filled with nitrogen.

The drift box is then

As the drift box is not air

tight, nitrogen leaks out at a controllable rate.

Cold

water is run through the lower block at the rate ofabout
10

liters per hour.Reverse bias is applied and the capa

citance meter is connected across the crystal Junction to
monitor the depletion depth.

At the completion of the

desired drift, the detector is stored at liquid nitrogen
temperature•
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The block diagram of the drift circuit is shown in
Figure 2.4.

A reverse bias of 50 volts is applied for

the first hour, then raised to 100 volts.

After an hour,

the reverse bias is raised in 100-volt steps hourly
until 500 volts is attained.

The reverse current is

kept less than 15 mi111-amperes, as shown in Figure 2.5.
Fluctuation in the reverse current is observed immedi
ately after bias application, but it stabilizes to an
equilibrium value within half an hour.

Due to the cur

rent, heat is developed in the crystal which raises the
crystal temperature to 35° C.

It is found that lithium

drift with currents greater than 15 mllli-amperes is not
desirable since thermal runaway takes place.
(b) Drift time and the depletion depth
Measurement of the capacitance of the depletion
region permits the depth of the region to be determined
by using the formula*

W = 1.4 A/C.

To achieve the

desired depth, the necessary drift time can be computed
by using the drift formula*

t = w 2/ 2pV.

The detailed

calculations are given in Chapter IV.
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GE CRYSTAL

GOLD CONTACT

CAPACITANCE
METER

POWER SUPPLY

WiUM/Mi 777Z&
LITHIUM DIFFUSED REGION

Figure 2.4 1 Schematic Diagram for Ion Drift
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Figure 2.5«

Typical Bias Characteristics during
Drift (after 10 hours of drift).
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Chapter III
PERFORMANCE OF THE GE(L1) DETECTOR
Mounting of the Detector
The detector holder with the cryostat is described
In Chapter I.

Detector mounting poses a special problem

since the detector must not be contaminated in any way*
It must also be done in a minimum amount of time as pro
longed handling at room temperature results in poor bias
characteristics.

The mounting procedure is as followsj

The detector is taken out of the storage flask, cleaned
with carbon tetrachloride to remove grease and washed in
distilled water.

It Is blown dry by argon.

Then, the

detector is put on the mounting platform which has been
cleaned in the same manner.

The window plate is placed

in contact with the lithium diffused surface of the crys
tal.

The mounting screws are then tightened to assure

the mechanical stability of the detector as well as good
electrical contact.

The bias terminal on the window

plate (a brass screw) is in contact with the crystal sur
face.

The bias lead is now connected to a BNC connector

through the Kovar seal.

The detector cap is then put In

place.
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MOUNTING CAP
COLD FINGER
SIGNAL LEAD

LUCITE DISK

Ge(Li) DETECTOR

HORIZONTAL HOLDER
BIAS SUPPLY

O-RING GROOVE

Figure 3.11 Close-up view of the Ge(Ll) Detector
and the Mount.

Counting Experiments

After mounting the detector* the detector assembly
Is evacuated down to about 10~5 mm of Hg.

When this

pressure Is achieved, liquid nitrogen Is gradually poured
Into the cryostat.

After half an hour the detector Is

assumed to have attained liquid nitrogen temperature.
Then, reverse bias Is applied to the detector.
bias of 100 volts is applied.

First, a

Then the bias Is Increased

In 100-volt steps until 500 volts Is reached.

Usually,

the reverse current is less than a micro-ampere under 100
volts, and not more than 10 uA under 500 volts bias.
A few minutes following the application of the bias a
small fluctuation in reverse current is usually observed,
but this fluctuation dies out.

For a detector with a

U cm2 area and a 5 ®m thickness, a bias of 300 volts
results in a reverse current (leakage current) less than
10 uA.

Such a bias condition is minimal for proper

performance of the detector.
The counting system consists of a low-nolse pre
amplifier^-, a pulse amplifier2 , a regulated power

^-Low-nolse preamplifier, Model 100c, Tennelec,
Oak Ridge, Tenn.
2Pulse amplifier, TC200, Tennelec, Oak Ridge, Tenn.
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supply^ and a 512-channel analyser^- with an oscilloscope
display and print-out facilities.

Using this analyser

system the gamma-ray spectra of Cs 137 and Co 57 were
observed.

A bias of 300 volts was used.

3.3 show the spectra obtained.

Figures 3*2 and

The performance of the

detector is discussed in the following chapter.

3power supply, TC907. 0-500v, Tennelec, Oak Hedge,
Tenn.
^Multichannel analyser, ND 120, Nuclear Data, Inc.,
Madison, Wis.
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Chapter IV
DISCUSSION

The detector response to the gamma ray spectrum of
Cs 137 is shown in Figure 3*2. This is the spectrum after
background counts have been subtracted. As can be seen
there is a distribution of small pulses due to Compton
scattering of gamma rays in the detector. The reduction
of counting rates due to absorption in the mounting cap
(aluminum) and the detector window disk (lucite) is less
than

There is no definitive peak in the spectrum. At

a reverse bias of 300 volts, the observed maximum
current is not more than 10 uA at the liquid nitrogen
temperature. Occasional fluctuations of the current
were observed and attempts to stabilize this current were
only partially successful. Similar results were obtained
for Co 57 spectrum, as shown in Figure 3.3 .
The absence of peaks in both spectra would seem to
indicate that the efficiency of the detector is poor and
the resolution of the detector is not determinable. It
is possible to gain some qualitative insights by consi
dering the processes of lithium diffusion and drift
48
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under the described experimental conditions.

The first

considerations are the calculations of lithium ion
concentration and the depletion depth.
Lithium ion concentration and depletion depth
It is shown that for a constant initial surface
concentration of lithium ions, the diffusion depth Is
given by1
X = (TTDt)^

(1)

The diffusion constant, D, is experimentally found to be*D = 25 x 1 0 exp (This gives

D(150°C) = 0.031 x 10”? cm2/sec,

and

D(400°C) = 3.480 x 10”? cm2/sec.

The diffusion time is limited to £ hour at 400°C.
X = 0.05 cm

(2)

Then,
(3)

This diffusion depth is sufficient for lithium ion drift.
It is possible to estimate the concentration of lithium
from the knowledge of the measured surface resistivity,
(Ll+) = 0.07 ohm-cm

(4)

This corresponds to an impurity concentration of 2 x 1 0 ^ /
cm^j and for gallium-doped germanium with a resistivity

^See Appendix A.

2Puller, S. and Severiens, J., Phys. Rev.,96, 21,
(1954).
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of 10 ohm-cm, the acceptor concentration is computed to
be 3.5 x 10^Vcm3.3

Therefore, the surface lithium concen

tration is approximately
n(Ll+) = 2 x 10l6/cm3

(5)

This concentration of lithium is sufficient to compen
sate the whole crystal volume (approximately 2 cm3).
For the detector described in the previous chapter, the
drift data are as followsj
V(bias volt) = 300 v
t(drift time) = 100 hr.
T(drift temp.) = 35°C
The depletion depth, W, is given by the relation
(6)

W = (2pVt)£

Using the value of the mobility constant, D(400°C), the
calculated depletion depth is
W(calc.) = 0.3. cm

(7)

However, the measured depletion depth in terms of
capacitance is
(8 )

W = 1.4 x £
With A = 4 cm2 , C = 34 pF *

10%t the

W(measur.) = 0.1 cm

measured depth was
(9)

By comparison of the calculated depth and the measured
depth, it is seen that there is a reduction of about a

3Goulding, F. S., Nuc. Instr. Tech., 43, 7(1966).
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factor of 3 in the drift rate.

This reduction In drift

rate Is due to several complications that may take place
during the diffusion and the drlft.^
Pairing effect and precipitation effect

In general, lithium Ion drift In a germanium crystal
results In the charge compensation within an elemental
volume of the order of linear dimension, 10-8 Cm (Debye
length); and there Is no direct Interaction between the
acceptor atoms (gallium) and the donor atoms (lithium).
However, as the lithium atoms diffuse, they will be
attracted, by Coulomb forced, to the gallium negative
Ions, and a pairing may result.

This pairing of Ions

inhibits the movement of these atoms and thereby lowers
the drift rate.
In p-type germanium, In order to compensate for
acceptors, an equal number of lithium atoms must be Intro
duced Into the crystal volume.

If the number of lithium

atoms introduced is larger than the acceptor number, the
crystal is supersaturated with lithium and the precipi
tation of the excess lithium will occur If the lithium
atoms can find suitable precipitation sites.

At room

^loc. clt., p. 21 .
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temperature (25*C) the equilibrium solubility of lithium
in germanium is equal to 6.6x10^

atoms/cc. With the sur

face lithium concentration of 2.035x10^

atoms/cc, sutH‘

stantlal lithium precipitation at a region close to the
surface is possible. With the average dislocation density
of 2xlo3/cm3, the precipitation in the bulk of the crystal
is not as serious as the surface precipitation*
Oxygen content of the crystal
Q

In germanium, an oxygen content of 1 part in 10
seriously reduces the drift rate. This is caused by a
reaction between the lithium ions and oxygen atoms form*?
ing lithium oxide (LiO+) which is much less mobile than
the lithium ion. In our case, it is possible to estimate
this effect. An experimental study by Pell^ on oxygen
concentration involved in the diffusion of lithium into
p-type germanium shows that the oxygen concentration is
given by
n 0 = na(l - f) + c(y - 1)

(10)

where na is concentration of acceptor atoms, c is equal
to 2xl0^2/cm3 and f = D(observed)/D(free Li+ ). In our
case, na= 3»5xl0^Vcm3. The ratio f is obtained from the

5pell, E. M., Jour. App. Phy.. 32, 1048 (1961).
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Einstein relation: D = (kT/e)u.

We have then,

D(obs.) _ u(obs.) _ W(obs.) 2
D(free) “ u(free) ~ W(free)

ni]

Using the value of the depletion depths calculated and
measured, we obtain

With these parameters used in (10), the oxygen con
centration is calculated to be
no = 3*3x10^ atoms/cm3

(13)

Compared with the lithium concentration given by (5), it
is seen that about 1 in 65 lithium atoms would form
lithium oxide.

This result is comparable to one among

those obtained by Fox^, who studied the drift in Ge(Ll)
detectors with known oxygen contamination.

According to

his study, this contamination seriously affects the drift
rate.

Thus, in our case the reduction in drift rate can

be attributed to the oxygen content.
Leakage Currents
In Ge(Ll) detectors, there are four distinct sources
of leakage currents.

They are described below and their

6Fox, H. J., IEEE Trans. Nuc. Sci., NS-13, 367(1961).
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magnitude estimated.

The p-l-n structure and the asso-

icated carrier distributions are shown in Figure ^.1.
Diffusion current
There are two components of this diffusion current,
one due to the diffusion of minority holes and the other
due to the diffusion of electrons.
Minority holes from the n-reglon can diffuse from
a region near the edge of the depletion layer into the
depletion layer.

If a hole enters the depletion layer

as a result of diffusion, the electric field causes it
to move rapidly across into the p-region.

This consti

tutes a hole current.
Minority electrons in the p-region can diffuse
from a small layer near the edge of the depletion
region.

Once in the depletion layer the electrons

travel rapidly into the n-reglon.

This constitutes

an electron current, which is larger than the hole
current.
To calculate the electron current, consider the
thermal excitation of the electrons within the diffusion
length, L, at the edge of the depletion layer.

If np

electrons take part in the diffusion, the diffusion
current is
1d =

k. (oop1*)
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1

Since we have L = (DT) , (14) reduces to

ld * enpA(D/9^

(15)

We assume these values for calculation.
e

=

1.6x10”^

A

=

4 cm^

T. =
nP =
D

=

Coulomb

2x10“^ sec.

(77°K)7

2x10^ cm“3

(77°K)8

22.4 cmVsec. (77°K)9

Then, the diffusion current is calculated to be
id = l,36xlO“1^ amperes.

(16)

Generation current
Due to the existence of recombination centers in
the depletion layer, electrons and holes are generated
and swept across the depletion layer by the applied
field.

The current due to this generation would be
ig

= egWA

(17)

where g is generation rate of electrons and holes.
According to Noyce and Shockley^0 , this generation rate

?Day, R.B., et al, IEEE Trans. Nuc. Scl., NS-14,
487 (1967).
8ibid.
^Dearnaley, G. and Northrop, D.C., Semiconductor
Counters for Nuclear Radiations. New lorki John Wiley,
19^4. p.401.
10Sah, C.T., et al, Proc. IRE, 45, 1228 (1957).
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is given by

2
S = <tpnl + 'CnPl

where

and

(l8)

are densities of electrons and holes and

Tp and rn are their lifetimes. Usually these values are
not known. However, with the simplifying assumption that
the recombination centers (traps) are populate at the
middle of the band gap and the two lifetimes are equal,
the maximum generation rate is
Smax =

ni

With this in (1?), we have the expression
ig = 2^ <eniWA)

(20)

The following values are used in order to estimate this
generation current.
A

=4

cm2

W

=0.1 cm

nl = ni =2x10^

cm ^(77*K)

T p ='Cn =2xl0-5sec. (77*K)
The calculated generation current is then,
1

= lxlO"12

amperes

(21)

As these calculations reveal, the diffusion current and
the generation current are many orders of magnitude
smaller than the observed leakage current at 77*K. The
surface generation current must be considered.
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Surface Current

The detector leakage current Is observed to vary
with the reverse bias voltage and with the change of
environment.

If the leakage current Is excessively

large (10”5a ), re-etching of the detector with CP ^
is done for 30 sec.

This should reduce the current to

several mlcro-amperes.

Sometimes momentary fluctuation

In the current is observed.

Obviously, the detector

surface properties play an Important role.

The under

standing of semiconductor surface states is limited and
the experimental data are scarce.

However, a theory

of surface states, that of Shockley and ReadH, can
be applied to get some understanding of the leakage
current.
The conduction of electrons and holes at the
surface is possible through the recombination centers
that exist at the surface.

Their energy levels are in

the band gap of the semi-conductor.

At equilibrium, the

number of electrons flowing to the surface must be equal
to the number flowing from it.
Let r« average probability of reflection of an electron
striking a surface

vi its thermal velocity

llshockley, W. and Read, W. T., Phys. R ev., 87, (1952),

p. 835.
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p» the number of such electrons
gi the rate of emission of such electrons from
the surface
Now, the rate of electrons flowing to the surface =

ivp.

The rate at which electrons flow from the surface =

^vpr+g.

At equilibrium, the two rates must be equal, i.e.,

ivp0 = 4vPr+g

(22)

The net rate, g, at which the electrons are absorbed
by the surface is
g = i(l-r)v(p-p0 )

(23)

At this point, we define the surface recombination
velocity, s, as
s = tU-r)v

(2Zf)

and the deviation from equilibrium value of p, viz.,
P = P-Po

(25)

The generation rate is then
g =

ps

(26)

If the surface current is denoted by ls , in terms

of

g and s,
is = Aeg

(27)

To use this expression, the generationrate for a
specific surface of the crystal must be evaluated.

The

measured value of s for germanium at room temperature is
in the range of 400 to

500 cm/secd2

If we assume r to

^Kingston, R. H., Semiconductor Surface Physics.
Phlladelphlai University of Pennsylvania Press, 1957*
p. 111.
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be fairly constant when the temperature is lowered to
77°K, the surface recombination velocity at 77°K is cal
culated to be about 128 cm/sec.

The deviation of states

from equilibrium value is then obtained by considering
'the dynamics of diffusion within the region of diffusion
length from the surface.

Then, at the surface, the

expression is
(*p)s

* (*p)f

(28)

where the surface correction factor, f, i s ^

f = i - (i +

(29)

Using the value of D (77°K) and -C(770K)and
s, f = 8/9.

the value of

It is reported that for a CP ^ etched

p-type germanium crystal, a density of states for sur
face distribution is of the order of 1011 - 10*2/cm2volt.

This means that we may take the order of magnitude

of (Ap) = 1 0

11

cm

-3

.

With these values, the surface

current is calculated to be
(30 )

ig = 7.^0x10 ^ amperes
This is the

correct order of magnitude of the leakage

current observed.

It is seen to be at least six orders

of magnitude higher than the volume diffusion current
and the volume generation current.

It can be concluded

that the observed fluctuations in leakage current come
from this surface generation current.

^ S m i t h , R. A., Semiconductors.
University Press, 1959*
P» 297.

r

Boston*

Cambridge
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From the qualitative calculations above, it is
apparent that the oxygen contamination reduces the drift
rate, thereby reducing the depletion depth.

This, in

turn, makes the sensitive volume small and the lovr
efficiency of the detector can be taken as a result of
the small sensitive volume.

The calculation of the

leakage current shows that the observed leakage current
comes mainly from the surface current which is of the
order of 1 0 A.

This leakage current would normally

be considered a contributing factor to poor resolu
tion, although in this case the resolution is not de
terminable because of the poor efficiency of the
detector itself.
From the preceding discussion one can see some of
the problems encountered in the fabrication of the
Ge(Li) detectors.

Germanium of higher resistivity and

low oxygen content would yield better results, as would
the use of fresh lithium dispersions for each experiment.
In the diffusion stage, there must be better control of
both the atmosphere and of the heating of the crystal.
The drift environment should be improved, possibly by
the use of an inert liquid such as freon.

At the same

time, drifting at a lower temperature and achieving bet
ter control of this temperature would produce a lower
bias current.
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Appendix A
Solution of the Diffusion Equation and Results
The diffusion of lithium Into the p-type germanium
crystal of cross-section of 4 cm^ can be regarded as
obeying the one-dlmenslonal diffusion equation (I.e.*
neglecting edge effect)»
dn(x.t) = D
dt
dx2

(i)

where n(x»t) Is the lithium Ion concentration at a
distance x and at time t» and D Is the diffusion constnat.

It Is assumed that the Initial concentration

of lithium at the crystal surface is large and does
not change as diffusion progresses.

The appropriate

boundary conditions are then

where

n(x,0)

= 0,

n(0»t)

= n0 (constant)

0 £ x £oo and

x ^ 0

(2)
(3)

0 £ t.

Since the solution desired Is for all positive
values of x and t, It is convenient to use the
laplace Transform method*

By definition* the Laplace

Transform of (1) is

^.qo

d[,[n(x,tj] ■ f(x*s) = j ® “st n(x»t)dt
and the inverse transform Is.
n(x,t)

= jiL- 1

(4)

.
estf(x,s)ds

(5)

A-v«b
62
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Applying the first boundary condition (2) On (1), we get

d 2f(*»s)

_-2---- -- _ f(x,s)

(6)

Now, applying the second boundary condition (3) on (4),
we get f(0,s) as
f(0,s) = | no

(7)

The differential equation (6) has the familiar exponential
solution:
f(x,s) = c exp

(+ px)

(8)

Putting this back In (6), we find that
iPl = (s/D)^

(9)

Application of (?) on (8) gives the constant

* = ¥

<10>

Hence, the solution of (6) is
f(x,s) = ^

exp

(~y|x)

(ID

The Inverse transform of (11) is then
1

r«l-*-Coo

ntx,t> = s i L -

^

eS

eip

ds

We may write this equation as
fn(x,t)l
l r**" st ]
est 1 exp <~ygx) ds

L-nT-J-ZvS)^!oa e i

<12)

(13)

Comparing (4) and (13)• we see immediately that

^ i r i r * ] = s exp < - J i 11

<14)

Conveniently, from the table of iaplace transforms^.

^CRC Handbook of Chemistry and Physics. Cleveland:
Chemical Rubber Co., 4?th Edn. (1966-196?), p. A-226.
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6k

we get this relation
n(*»t) =
no

' erf 75Bt]

(15)

where

f

2

erf x' = JL I e_t
✓71 J

dt (Error function)

(16)

o

For the range of values of D Involved here, It is
observed from the solution that n(x,t) is very small
compared to no s n(0,t).

If the pn-Junction occurs at

a depth X where the concentration of lithium ions
equals that of the gallium atoms, we have the limiting
condition

lim

X

n0

= 2<2i£i = 0

(17)

n0

Comparing (17) with (15), it is found that
erf j m

= 1

<18)

To obtain X explicitly, the error function can be
expanded in series for small values of X.
erf

X
2
-£=
=
JkDt -fvI
, °S*

_t2
e

dt

n X
y, + (2n+l) A K

= £. S ( - i ) n t
Vrf n=0

nl(2n+l)

0

Retaining only the first term in the series, we get
eTt j m * 7m

<19>

Now, the depth of the pn-Junction from the surface of
the crystal is simply
X = (TiDt)*

(20)
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Appendix B
A Selected Annotated Bibliography
The following papers have been chosen as a guide
to the reader engaged In the study of lithium drifted
detectors.

They deal with the various aspects of

fabrication, testing and applications.

Emphasis Is

placed on the problems encountered In actual prepara
tion of such detectors.

The references themselves have

been arranged so as to give the reader the benefit of
the progress made In this field, rather than a mere
alphabetical listing.

65
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Section I
INTERACTION OF RADIATIONS WITH SEMICONDUCTORS

(Absorption of Incident radiations by Ionization Is dis
cussed In general. Absorption In semiconductors is treated
taking the statistical fluctuations of electron-hole pairs
Into account. Radiation damage In crystals Is reported.)

1.

Fano, U . , "On the Theory of Ionization Yield of Radia
tions In Different Substances", Phys. Rev.,
44
(194-6).
Mechanisms of energy absorption in substances
by ionization and excitation* relation between
absorbed energy and ionization energy* calcula
ted value of energy per ion-pair* case of hy
drogen atom.

2. Fano, U., "Ionization Yield of Radiations, II. The
Fluctuation of the Number of Ions", Phys, Rev., £2,
26 (194?).
Fluctuations in ionization as a theoretical
limit to the accuracy of particle energy
measurement* definition of the fluctuation
factor, F, later known as the Fano Factor*
formula derived to estimate the statistical
fluctuations of the number of ions produced*
F calculated for hydrogen atom.
3. Geballe, T. H., "Radiation Effects in Semiconductorsi
Thermal Conductivity and Thermoelectric Power," J. Appl.
Phys., 20, 1153 (1959).
Thermal conductions In semiconductors explained
by five types of scattering in crystals» relation
to the radiation effects* quantitative formula
for the thermal conductivity of germanium given.
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4. Blount, E. I., "Energy Levels In Irradiated Germanium",
J. Appl. Phys,, 20, 1218 (1959).
Energy levels of germanium irradiated by
different particles shown; discussion of
clustering and association defects; crude
theory to explain these levels (perturbation)
given; comparison with other models.
5. Goulding, F. S., "Semiconductor Detectors— Their Proper
ties and Applications", Nucleonics, 22, No, 5» 54 (1964),
Range-energy curves for protons, deuterons,
tritons and helium 3 In SI and Ge; the same
for fission fragments; absorption curves for
Photoelectric effect, Compton effect and Pair
production; criteria for choice of detectors;
resolutions and noise.
6. Dearnaley, G., "Radiation Damage Effects in Semicon
ductor Detectors", Nucleonics, 22, No. 7, 78 (1964).
Radiation damage to Si detectors discussed;
detector behavior under irradiations— typical
allowable exposures; effects of radiation
damage to efficiency of detectors; formula
to estimate the size of damage for SI derived.
7. Davis, H. L., "Energy Loss In Semiconductors Seen
Causing Significant Problems," Nucleonics, 22, No. 1
72 (1965).
Anisotropic energy loss by radiation particles
In Si & Ge; dependence of energy absorption by
Ionization on crystal symmetry axes; diagrams
of count-rate versus angle measured from some
symmetry axes.
8.*Wegner, H. E., "Problems with Semiconductor Detectors
Due to Anomalous Energy Loss", Nucleonics, 22, No. 12,
52 (1965).
Incomplete energy loss by particles in semi
conductor detectors; crystal orientation
effects explained; experimental elucidation;
mass resolution— identification of mass and
charge of the detected particle, formula; (111)
orientation as the preferred orientation.
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9. Walnio, K. M. S
c Knoll, G« F., "Calculated -Hay
Response Characteristics of Semiconductors," Nuc.
Instr. & Meth., 44, 213 (1966).

Monte Carlo calculations of total absorption
probability, intrinsic efficiency and escape
peak efficiency of fully depleted Si and Ge
detectors; pulse-height spectra; comparison
with experimental data; Bremstrahlung energy
loss by electron presented.

Section II
THE NATURE OF PN JUNCTION AND ELECTRON-HOLE PAIR PRODUCTION

(Experiments to measure the energy per electron-hole pair
and the Fano factor for Si and Ge. Model of energy absorp
tion in semiconductors is given.)

1. McKay, K. G., "Electron-Hole Production in Germanium
by -Particles", Phys. Rev., 84, 829 (1951).
Energy per electron-hole pair by -particle
bombardment measured; value for germanium
given* charge collection time across the
barrier shown; models of energy absorption
discussed.
2. Roosbroeck, W. V., "Theory of Yield and Fano Factor
of Electron-Hole Pairs Generated in Semiconductors
by High Energy Particles," Phys. Rev., 139. A1702
(1965).
Fano factor for semiconductors deduced from
a simple statistical model independent of the
details of the physics of the system (Crazy
carpentry model); Monte Carlo and analytical
calculations of the Fano factor for Si and Ge;
"Parking problems"; relation to experimental
data.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3» Antman, s . 0. W. et al,, "Measurement of the Pano
Factor and the Energy per Hole-Electron Pair in
Germanium", Nuc. Instr. Meth., 40, 272 (1966).
Fano factor measured for Ge in the -ray
energy range 100-2800 kevj value of the
average energy per hole-electron pair at
77°K for -ray peaks in the region 1001400 kev; Diagrammatic representation of
the energy-loss process in a solid state
detector.
4. Emery, F. E. & Rabson, T. A., "Temperature Dependence
of Average Energy per Pair in Semiconductor Detectors"
IEEE Trans. Nuc. Sci., NS-13. No. 1, 48 (1966).
Shockley's model for energy per hole-electron
pair extended to Include temperature dependence;
values of energy per pair for Si and Ge between
20°K and 300°K* mathematical expressions and
results given.
5. Day, H. B., et al., "Noise, Trapping and Energy Resolu
tion in Semiconductor -Ray spectrometers", IEEE Trans
Nuc. Sci., NS-14. 487 (1967).
The relative importance of noise, trapping
and recombination of carriers in determining
the over all energy resolution of semiconductor
-ray spectrometer. Detail analysis of trapping
using the Northrop and Simpson model. Relation
ships between total signal change, its mean
square derivation and the drift lengths of the
charge carriers.
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Section III
LITHIUM DRIFTED DETECTORS

(A) Crystal Preparation, Lithium Diffusion and Drift
(These papers concern particular operations such as cutting
the crystals, etching, contact making and problems en
countered. Diffusion and drift of lithium Into silicon
and germanium are discussed in detail, and methods are
described.)
1. Noggle, T. S. and Stiegler, J. 0., "Electron Microscope
Studies on the Etching of Irradiated Germanium," J.
Appl. Phys., 20, 1279 (1959).
Electron microscope and diffraction studies
on the surfaces of CP-4 etched Ge specimensj
etching Induced by neutron irradiated and
etching by CP-4 found unrelated} structural
defects} effects of bromine on etching,
2. Mann, H. M. and Janarek, F. J., "Adherent Gold Plating
on Silicon", Rev. Sci. Instr.,
577N (1962).
Procedure of gold plating on Si by immersion
plating} crystal surface preparation to make
ohmic contacts} pH values of solution.
3. Janarek, F. J. et al., "Gold Plating Procedure for a
Thin Window on Germanium -Ray Spectrometers", Rev. Sci,
Instr., 26, 1501 (1965).
Procedure of gold plating on Ge by Immersion
plating} preparation to make ohmic contacts
and control of pH values of the solution.
4. Fuller, C. S. and Severlens, J. C., "Mobility of Im
purity Ions in Germanium and Silicon", Phys, Rev., %6,
21 (1954).
Lithium diffusion in Ge and Si} mobilities of
Li ions as a function of temperature} diffusion
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constants calculated through Blnsteln's relations j
copper diffusion reversion effeot discussed.
5. Swann* R.A., "Model for Solute Diffusion in Crystals
with the Dlaaond Structure"* J. Appl. Phys., 29. 670
(1958).
A theory for solute diffusion In crystals with
the diamond structure given i experimental results t
Interactions understood by the Coulomb interaction
as dominant part for Ge and the size difference
effeot as dominant part In SI.
6. Tweet, A. G., "Precipitation In Semloonduotors", j.
Appl. Phys., 20, 1244 (1959).
Lithium precipitations in SI and Ge j me testable
centersi formation of L10 ions* oxygen cluster
ings} the four point model for the kinetic be
havior of precipitation.
7. Boise, E.» "Diffusion-Controlled Reactions In Solids”,
J. Appl. Phys., 20, 1141 (1959).
Theoretical experimental discussions of lithium
diffusion controlled reaction In Get chemistry
of these processes.; annealing of radiation
damage* ion pairing, precipitation, and the forma
tion of ooaplex solids.
8. Pell, B. M«, "Ion Drift In an N-P Junction", J. Appl.
Phys., 21« 291 (I960).
A mathematical analysis of the drift process
In SI and Gei method of drift i estimation of
drift rates i experimental data.
9. Hench, R. et al., "Drift Rate and Precipitation of
Lithium in Germanium," XSBB Trans. HUc. Sol., H3-13.
Ho. 3, 245 (1966).
Dependence of drift process on nature of raw
materials i change in compensation width* Li
preolpltatlon measurements using a thermoeleetrio probei results.
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10. Jaskola, M. and Nybo, K., "Redrlft Treatment of LiDrlfted Silicon Detectors”, Nuc. Instr. Meth., 44,
141 (1966).
Radiation damage effects in SI detectors and
resolution restoration by redrlft* results.
11. Armantrout, G. A., "Correlation Between Lithium Drift
Mobility and Minorlty-Carrler Drift Mobility In
Germanium", IEEE Trans. Nuc. Scl., NS-13. No. 3» 370

(1966).
Discussion of minority carrier drift mobility*
experimental approach procedure given* results.
12. Norgate, G. and McIntyre, R. J., "Stabilization of
Lithium Drifted Radiation Detectors", IEEE Trans. Nuc.
Scl., NS-11, 291 (1964).
Problems encountered In Li-drift in SI* lonpalrlng effect* drift mobility* result.
13. Williams, R. L.and Webb, P. P., "The Window Thickness
of Diffused Junction Detectors", IRE Trans, Nuc. Scl.,
NS-9, No. 3. 160 (1962).
Window thickness determination In LI drifted
detectors* effect of incident direction and
charge loss* diffusion profiles* hole life
time* reduction of window thickness.
14. Tavendale, A. J., "A Germanium Lithium Drifted Diode
with Guard-Ring for -Ray Spectroscopy", Nuc. Instr.
Meth., 2£, 325 (1965).
Operation of Li drifted detectors using a
guard-ring* circuit design* responses to
Co 57, Co 60 and Ar 41,
15. Kraner, H. W. et al., "An Efficient Dewar for Lithium
Drifted Germanium Detectors", Nuc. Instr, Meth.,
328 (1965).
A design of Dewar for Li drifted Ge detectors*
discussion of reduction of N2 boil-off and heat
leak* construction.
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16. Miner, G. E., "Mountings and Housing for LlthlumDrlfted Silicon and Germanium Detectors", US AEC,
UCBL-11946 Report, 1964.
A versatile cooling and housing design for
detectors and methods of mounting; problems
and development; pictorial illustrations.
17. Zulliger, H. R. and Aitken, D. W., "The linearity
of the charge conversion function for cooled Llthlumdrlfted Silicon Detectors In Response to X-ray and
low Energy -Ray Excitation", IEEE Trans. Nuc. Scl.,
MS-14. 563 (1967).
The linearity of the charge collected per kev as
a function of energy for SI(LI) detectors. Nonllnearlty effects determined and discussed.
Results.
(B) General Fabrication Techniques and Detector Character
istics
(Some general procedures are given in these papers. Reports
on the detector bias characteristics and counting charac
teristics are made. Parameters effecting the stability of
operation are discussed.)

18. Ammerlaan, c . A . J. and Mudder, K., "The Preparation
of Lithium-Drifted Semiconductor Nuclear Particle
Detectors", Nuc. Instr. Meth., 21, 97 (1963).
A method for the preparation of p-i-n-structure
In SI and Ge by Ion drift; details of chemical
treatment; ohmic contact formation; depletion
depth calculation.
19# Mann, H. M. et al., "Lithium-Drifted p-i-n Junction
Detectors", IRE Trans., NS-9. No. 4, 43 (1962).
Preparation of LI drift SI detectors; pulsehelght distribution of IC electrons from B1
207; variation of spectral distribution with
detector bias.
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20. Zlemba, P. P. et al., "Properties of an n-i-p Semi
conductor Detector", IRE Trans. Nuc. Scl., NS-9.
No. 5. 155, (1962).
Fabrication technique of SI(LI) and Ge(Ll)
detectorsi phosphorus and lithium diffusions;
capacitance voltage characteristics; pulse
rlse-time» responses to high level -transients.
21. Glos, H. B., "Semiconductors, Scintillators and Data
Analysis," Nucleonics, 22, No. 5, 50 (1964),
Comparison of spectra obtained by Nal crystals
and LI drift detectors for Co 60 and B1 207;
partial resolution of 14.4 kev doublet; use of
Ge(Ll) as a pair spectrometer,
22. Webb, P. P. and Williams, R. L., "Gamma-Ray Spectros
copy Using a Germanium Lithium Drifted Diode", Nuc.
Instr. Meth., 22, 361 (1963).
Discussion on the relation of Li-drlfted
detector thickness to gamma rays; spectra
of Co 60 and Cs 137— resolutions; effect of
storage of Ge(Li) detector on resolution at
room temperature.
23. Health, R. L. and Cline, J. E., "Gamma-Ray Spectros
copy using LI-Ion Drifted Germanium Semiconductor
Detectors", US A EC Report, IDO - 17050, 12 (1965).
Comparison of responses of Ge(Ll) detector
to that of Nal crystals; Responses to gamma rays from Cs 137, Ce 139, Zr 95 - Nb 95
equilibrium source. Ho 166, and Nd 149;
catalogue of gamma-ray spectra.
24. Shirley, D. A., "Applications of Germanium Gamma-Ray
Detectors", Nucleonics, 2^, No. 3, 62 (1965).
Relative efficiencies of Ge(Ll) and Nal(Tl) to
gammas of Co 57, Ho 166m, and Lu 177m; coinci
dence spectrum for decay of Sb 125 to Te 125*
angular distributions of three gammas following
the decay of oriented Ho 166m; 83 Kev Mossbauer
gammas of Ir 191.
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25. Hill, M. W., “An Anticoincidence-Shielded Ge(Li)
Gamma-Ray Spectrometer", Nuc. Instr. Meth., 36, 350
(1965).
Method of reduction of very high Compton
continuum of gamma rays spectra of Cs 137t
use of an anticoincidence circuit; results
and Improvement.
26. Kuchly, J. M. et al,, "Temps de Collection des Charges
des Detecteurs de Rayonnements Nucleaires a Base de
Silicium Compense au Lithium", Nuc. Instr. Meth., 44,
239 (1966).
Charge collection time in Si(Li) detectorsj
analysis; experiments and results.
27. Williams, R. L. et al., "Operating Characteristics of
Lithium Drift Detectors", IEEE Trans. Nuc. Scl.,
NS-13. No. 1, 53 (1966).
Impurity profile studies of Si(Li) and Ge(Li)
detectors? stability and bias characteristics?
detector life tests and results.
28. Davies, D. E. and Webb, P. P., "Surface Potential
Measurements of Lithium Drifted Germanium Diodes",
IEEE Trans. Nuc. Scl., NS-13. No. 1. 78 (1966). .
Apparatus described, and measurement of
surface potential reported, capacitance
anomaly described? Capacitance versus
time curves? surface treatments.
29. Llacer, J., "Geometric Control of Surface Leakage
Current and Noise in Lithium-Drifted Silicon Radia
tion Detectors," IEEE Trans. Nuc. Scl., NS-13. No. 1,
93 (1966).
Model for the generation of surface current?
reproduceable surface treatment? characteristics
of detector noise? a model for leakage current
and surface breakdown? mathematical treatment
of the Increase in surface resistance.
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30. Strauss, M. G. et al., "Pulse Shape Distributions
from Gamma-Rays In Lithium-Drifted Germanium Detectors",
IEEE Trans. Nuc. Scl., NS-13. No. 3, 265 (1966).

Pulse formation in Ge(Li) detectorsj measure
ments and results discussed.
31. Phel, R. H., et al., "Deduction of High-Energy Protons
by Thin-Wlndow Lithium-Drifted Germanium Counters",

IEEE Trans. Nuc. Sci., NS-13. No. 3, 274 (1966).
Effect of detector window on resolution}
observation of scattering of 29 Mev protons
off Au 197 (contact); results.
32. Bertrand, F. E., et al., "A Total-Absorptlon Detector
for 60 Mev Protons using Lithium-Drifted Germanium
Detector", IEEE Trans. Nuc. Sci., NS-13. No. 3, 279

(1966).
A method of study of total absorption} measure
ments of charge collection versus bias voltage,
and results.
33. Armantrout, G. A., "A Fabrication Technique for Signif
icantly Reducing the Capacitance of Iarge-Volume Ge Li
Detectors", IEEE Trans. Nuc. Scl., NS-13. No. 3, 328

(1966).
Basic considerations} Junction formation by
several methods} diode evaluations} test
results} discussion.
34. Webb, P. P. et al., "Encapsulated Germanium Gamma-Ray
Spectrometer", IEEE Trans. Nuc. Scl.. NS-13. No. 3.
351 (1966).
Detailed description of encapsulation and
advantages} performance and efficiency}
mounting and non-vacuum operation} results}
discussion.

35. Faria, N. V. de Castro and Levesque, R. J. A., "Monte
Carlo calculation of Intrinsic Double-Escape Peak
Efficiency of Cylindrical Lithium-Drlft Germanium
Gamma-Ray Detectors", IEEE Trans. Nuc. Scl., NS-13.

No. 3, 363 (1966).
Methods of calculation described and the results
given.
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36. Fox, R. J., "Lithlu, Drift Partes and Oxygen Contamin
ation In Germanium", IEEE Trans. Nuc. Scl., NS-13,
No. 3. 367 (1966).
Lithium precipitation and discussion of oxygen
contamination in Ge(Ll) described! measurements!
results and conclusions.
37. Tuzzollno, A. J., et al., "Thermal-Vacuum Behaviour of
Lithium Drifted Silicon Detectors", Nuc. Instr. Meth.,
26. 73 (1965).
Fabrication of Si(Li) detectors! effect of
change in detector temperature! thermal vacuum
tests and results.
38. El-Shlshinl, M. M. and Zobel, W., "Temperature Dependence
of the Response of Lithium Drifted Germanium Detectors
to Gamma-Rays", IEEE Trans. Nuc. Sci., NS-13. No. 3,
359 (1966).
Temperature dependence of resolution discussed!
measurements and results! conclusion.
39. Jamini, M. A., "Production of Lithium Drifted Germanium
Detectors by AC Drift", IEEE Trans. Nuc. Sci., NS-14,
492 (1967).
Lithium drifted planar detectors produced by AC
drift. Choice of material and power dissipation
during drift. Derived an expression for depletion
depth.
(C) large Detector Fabrication and Characteristics

(These papers describe methods of preparation of large
coaxial drift germanium detectors.
Problems of mounting,
control of leakage currents and responses to charged and
uncharged particles are reported.)

40. Tavendale, A. J., "Large Germanium Lithlum-Brift p-l-n
Diodes for Gamma-Ray Spectrometers," IEEE Tians. Nuc.
Sci., NS-12, 255 (1965).
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Fabrication of Ge(Li} detectors up to 16 ccj
coaxial drift techniques responses to gammarays from Co 57 and Co 60s effect of trapping
In Ge on spectras conclusions.
41. Malm, H. L . ( et a l . , "A Iarge-Volume, Coaxial, Lithium
Drift, Germanium Gamma-Ray Spectrometer” , Can. J. Phys.

ffi, 1173 (1965).
Description of Ge(Li) of 16 ccs performance as
a spectrometer, responses to gamma-rays of Co
57, Co 60, Cs 137 and Th (B C C").
42. Malm, H. L. and Fowler, J. L., "Iarge-Volume Coaxial
Germanium Gamma-Ray Spectrometer", IEEE Trans. Nuc.
Sci., NS-13. No. 3, 62 (1966).
Fabrication of large Ge(Li) detectorss mounting
techniques bias characteristics and performance
as a spectrometers spectra of Bi 207, Co 57.
Co 60, 0 15, N 15J chlorine neutron capture
gamma-ray spectrums intrinsic full energy peak
efficiency curvess intrinsic double escape
peak efficiency curves.
43. Fiedler, H. J. et al., "large Volume Lithium-drifted
Germanium Gamma-Ray Detectors", Nuc. Instr. Meth., 40,
229 (1966).
Method of preparation of Ge(Li) by electroplating
using LiCl-KCl mixtures? performance described?
responses to gammas of Sb 125 and Sb 126.

44. Armantrout, G. , "Ambient Storage Effects and Mounting
Problems of Very large Volume Ge Li Detectors", IEEE
Trans. Nuc. Sci., NS-13. No. 1, 84 (1966),

45* Malm, H. L., "Improvements in Large Volume Coaxial
Germanium Spectrometers", IEEE Trans. Nuc. Scl.,

NS-13. No. 3. 285 (1966).
Improvements in gamma-ray resolutions shape
of the undepleted core, timing studies? per
formance as a spectrometer.
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46. Tavendale, A. J.f •’Characteristics of Some large Coaxial
Lithium-Drift Semiconductor Gamma-Hay Spectrometers",
IEEE Trans. Nuc. Scl., NS-13. No. 3* 315 (1966).
Fabrication and bias characteristics of large
Ge(Ll) and Si(Li) detectors; responses to
gamma-rays from Co 57» Co 60, and Na 24; Li
7(p,r), Be 8 and Al 2?(p,r), Al 28 reactions.
47. Armantrout, G, A., "U-Junctlon Ge(Li) drift detectors",
IEEE Trans. Nuc. Sci., NS-14. 503 (1967).
Fabrication of u-Junction lithium drift
detectors. Photo-peak efficiency and figure
of merit of the detectors discussed in detail*
48. Levy, A. J., et al., "The Annular Lithium-drifted
germanium Detector as a Standard-geometry gamma
spectrometer", IEEE Trans. Nuc. Sci., NS-14, 509 (1967).
Fabrication of lithium-drifted germanium detector
in the form of a cylindrical annulus. Details
of cutting and standardization. Expression for
photo-peak efficiency.

Section IV
ELECTRONIC CIRCUITRY

(This section deals with the design of preamplifiers and
amplifiers for Silicon and Germanium detectors. Appli
cations of field effect transistors are discussed.)
1. Radeka, V., "Low-nolse Preamplifiers for Nuclear
Detectors", Nucleonics, 22., No. 7, 52 (1965).
Design considerations of low-nolse preamplifiers;
optlmumlzatlon conditions; noise calculations.
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2. Glos, M. B., "Improved Detectors and Circuits Spur
Nuclear Particle Research", Nucleonics, 24, No. 5»
44 (1966).
Reviews on resolutions of semiconductor
detectors, preamplifier designs, amplifier
pulse shaping and data analysis.
3» Heath, R. L. et al., "Designing Semiconductor Systems
for Optimum Performance", Nucleonics, 24, No. 5* 52

(1966).
Precise energy measurement and resolutions;
preamplifier and amplifier contributions,
4096-Channel ADC.
4. Bilger, H. R. and Sherman, I. S., "High Resolution
Photon Spectrometry with Lithium-Drifted Germanium
Detectors", Phys. Letters, 20, No. 5, 513 (1966).
Resolution below 100 Kev with FET in the
pre-amp; partial resolution of Cs 133 doublet,
80 Kev; gamma-rays from Fe 57» Ag 109m;
separation of weak doublet at 73 Kev of Cm
244.
5. Elad, E. and Nakamura, M., "High-Resolution Betaand Gamma-Ray Spectrometer", IEEE Trans. Nuc. Sci.,
NS-14, 523 (1967).
Operation of Si or Ge detector in conjunction
with a cooled FET-transistor in series. Detail
considerations of noise, improvements and
description of circuitry.

Section V

GENERAL PAPERS

(These papers deal with all important aspects of Silicon
and Germanium detectors. Applications and results are
given.)
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1. Ewan, G. T. and Tavendale, A. J., “High Resolution
Studies of Gamma-Ray Spectrometers"? Can. J. Phys.,
42, 2286 (1964).
Description of the Ge(Ll) detector* resolution*
performance as a pair spectrometer* gamma ray
spectra of Cs 134, Gd 153# Pa 151# Fu 156, Gd
159# Yb 177 and Ra 226.
2. Mann, H. M., "Progress In the Application of Semi
conductor Detectors to Nuclear Physics Experiments",
IEEE Trans. Nuc. Phys., NS-13, No. 3# 88 (1965)*
Review of applications of solid state detectors
up to 1963— choice of detectors, resolutions*
references* spectra,
3. Mann, H. M. et al., "Observations on the Energy
Resolution of Germanium Detectors for 0.1-10 Mev
Gamma Rays", IEEE Trans. NUc. Sci., NS-13. No. 3#
252 (1966).
Fano factor and considerations* Gamma-rays
energy measurements using a PET, results*
pulse-helght distributions in the decay of
K 43 to Ca 43
beta* spectrum of T1 208*
spectrum of the reaction of Cd 113 (n,r)
Cd 114* Gamma-rays from (n,r) reactions in
Mg, Fe, and Al.
4. Mann, H. M. et al., "Preparation of Large Volume
Planar Germanium Detectors and Result* of Their
Use in Nuclear Physics Experiments", IEEE Trans.
Nuc. Sci., NS-13# No. 3, 336 (1966).
Fabrication technique and diagnostic measurements
during preparations* dual-drift* encapsulation*
gold-plating procedure* neutron capture gammaray experiments* charge particle capture gammaray experiments* hyperflne structure of muonic
atoms* isotope analysis of uranium* enhancement
of escape peak intensity.
5. Slffert, P. at .al.# "Effective window of silicon
surface barrier counters", IEEE Trans. Nuc. Scl.,
NS-14. 532 (1967).
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The window of surfaoe-barrler detector is measured
by two methods - from pulse-helght analysis and
from absorption of light by the deteotor (as a
photodiode)*
6* Orphan* V. J. and Rasmussen, tf* C., "A pair spectro
meter using a large coaxial lithium-drifted germanium
detector", IEEE Trans* Rue. Sci., ms-14. 544 (1967)*
A large coaxial Ge(Ll) used as a pair spectro
meter! three orystal operations and triple
coincidence. Results•
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